The formation of pyrazine cation radicals was detected in model systems consisted of D-(+)-glucose (1.0 mol L -1 ) and structural isomers of aminobutanoic acid (1.0 mol L -1 ) heated at the temperature of 98 °C for 20 minutes using electron spin resonance (ESR) spectrometry. Based on the analyses of hyperfine structure of ESR spectra of reaction mixtures of model systems, the presence of 1,4-disubstituted pyrazine cation radicals was found. Different polyphenols (gallic, caffeic, ferulic, chlorogenic acid, and tannic acid) were added in the model systems to investigate their influence on the formation of pyrazine cation radicals. It was found that tannic acid was the most efficient in inhibiting the formation of free radicals followed by gallic > caffeic ≥ chlorogenic > ferulic acid.
INTRODUCTION
Browning reactions, which are some of the most important reactions occurring during food processing and storage, represent the phenomenon with significant implications in food technology, nutrition and health. The major groups of reactions resulting in browning are enzymatic and non-enzymatic browning. The latter is favoured by thermal treatment and includes different reactions such as Maillard reaction and caramelisation.
Maillard reaction occurs between the reactive carbonyl group of the sugar and the amino group of the amino acids to produce compounds responsible for a range of odours and flavours in thermally treated foods (Abdullah, 2008) .
It has been reported that Maillard reaction products possess certain antioxidant activity (Dittrich et al., 2003; Morales and Jimenez-Perez, 2001 ; Yoshimura et al., 1997) . The highest antioxidant activity of Maillard reaction products is generally associated to the formation of melanoidins (Hayase et al., 1989; Yen and Hsieh, 1995; Manzocco et al., 2001 ). Therefore, increased antioxidant capacity of some functional bakery products was addressed A c c e p t e d M a n u s c r i p t not only to the presence of polyphenols present in the functional ingredients but to the antioxidant activity of Maillard reaction products which were formed during baking (Hsu at al., 2004) . From that point of view, Maillard reaction is desirable for increasing overall antioxidant capacity of thermally treated products.
On the other hand, Maillard reaction is known for the formation of relatively stable free radicals in the initial stage of the reaction which were identified as 1,4-disubstituted pyrazine cation radicals (Namiki and Hayashi, 1975; Hayashi et al., 1977; Hayashi and Namiki, 1986; Milić and Piletić, 1984) . Kato and co-workers (1996) found that the reaction mixture of glucose and glycine in the initial stage of Maillard reaction showed characteristic multiline ESR signals due to the presence of 1,4-di(carboxymethyl)pyrazine cation radical.
Pyrazine cation radical may be a key intermediate of imidazoquinoxaline-type mutagens in heated foods (Felton and Knize, 1991; Kikugawa et al., 2000) , especially meat (Pearsons et al., 1992) .
Food antioxidants, ascorbic acid and erythorbic acid effectively scavenged the pyrazine cation radicals generated in the reaction of glucose and glycine (Kikugawa et al., 2000) . They could be scavenged by phenolic antioxidants including epigallocatehin gallate (Kato et al., 1996) , cysteine and unsaturated fatty acids (Kikugawa et al., 1999) . Furthermore, heterocyclic amines as the genotoxic carcinogens that were produced via pyrazine cation radical formation were affected by the addition of black or green tea, and of tea polyphenols theaflavine gallate and epigallocatechin gallate (Weisburger et al., 1994) . Two flavonoids, luteolin and quercetin, and caffeic acid were found to suppress the formation of heterocyclic amines in cooked foods (Oguri et al., 1998) .
Knowing that Maillard reaction may increase overall antioxidant activity of thermally treated foods and also provides pyrazine cation radicals that could deplete antioxidants, the aim of this work was directed to the investigation of the interaction of free radicals characteristic for Maillard rection with some polyphenols frequently contained in ingredients which are used in bakery production.
MATERIAL AND METHODS

Model systems
The formation of relatively stable free radicals in the initial stage of the Maillard reaction was carried out in following model systems:
The pH value of model systems was adjusted to 9.0 using 0.1 M potassium hydroxide and obtained mixtures were heated at the temperature of 98 °C.
The initial stage of the Maillard reaction was detected by detecting the formation of relatively stable free radicals after 20 minutes (blank probe).
The influence of different polyphenols (gallic, caffeic, ferulic, chlorogenic acid, and tannic acid) on the formation of free radicals which are characteristic for the initial stage of the Maillard reaction was investigated by adding each polyphenol at the concentrations of 10 where ho and hx are the heights of the first peak in the ESR spectrum of free radicals of blank probe and probe, respectively.
Detection of free radicals
ESR spectra of generated free radicals in investigated Maillard reaction model systems were recorded using Bruker 300E ESR spectrometer (Bruker, Rheinstetten, Germany) under the following conditions: modulation field 100 kHz, modulation amplitude 1.021 G, receiver gain 103, time constant 1.28 ms, conversion time 5.234 s, centre field 3440.00 G, sweep A c c e p t e d M a n u s c r i p t width 50.00 G, microwave frequency 9.65 GHz, microwave power 0.632 mW, and temperature (23 ± 1) °C.
A quartz flat cell Bruker ER-160FC was used for detection. Splitting constants were calculated from computer-generated second derivatives of the spectra after optimizing signal-to-noise ratios and were verified by computer simulations. ESR spectral files were imported into the WinSim program (WinSim, Sugar Land, TX, USA) for the analysis of the hyperfine splitting constants (Duling, 1994) .
RESULTS AND DISCUSSION
The formation of relatively stable free radicals in alkaline reaction mixtures (pH The influence of gallic, caffeic, ferulic, chlorogenic acid, and tannic acid on the generation of pyrazine cation radicals is presented in Figure 2 .
Phenolic compounds which are known as powerful antioxidants (Shahidi and Wanasundara, 1992) probably inhibited the generation of pyrazine cation radicals in alkaline media by a single electron transfer followed by conversion of phenolic compounds into phenoxyl radicals. The stabilization of phenoxyl radicals by resonance depends on the structure of antioxidants and influences their effectiveness.
The proposed mechanism could be confirmed by the results which were obtained using quinic acid in the defined concentration range (10 It was found that quinic acid, the moiety of chlorogenic acid, did not inhibit the formation of pyrazine cation radicals under all investigated conditions. That means that chlorogenic acid achieved its antiradical activity towards pyrazine cation radicals through its caffeoyl part via proposed mechanism.
The antiradical activity of polyphenols depends on the model system, as well as the type and concentration of polyphenols (Figure 2).
The effectiveness of investigated polyphenols to suppress the formation of pyrazine cation radicals in investigated model systems was in the following order: model system III > model system II > model system I. The established order could be explained by steric hindrance between pyrazine cation radical and polyphenol. Namely, pyrazine cation radical formed in the model system III possess four α-protones in contrast to two α-protones bound to the pyrazine cation radical generated in model systems I and II. Therefore, the interaction between pyrazine cation radical and polyphenol in model system III could be easier and resulted in better suppression of formation of pyrazine cation radicals. It was found that tannic acid was the most efficient of all investigated polyphenols in inhibiting the formation of free radicals in the initial stage of Maillard reaction followed by gallic > caffeic ≥ chlorogenic > A c c e p t e d M a n u s c r i p t ferulic acid. Effectiveness of investigated acids is the result of the abilities of formed phenoxyl radicals to stabilize by resonance. It was previously reported that gallic acid is much potent antioxidant that caffeic and chlorogenic acid due to its chemical features (Brand-Williams et al., 1995) . Similar antiradical activities of caffeic and chlorogenic acids were due to their similar structures, i.e. chlorogenic acid reacts using its caffeoyl part as it is mentioned above.
Ferulic acid expressed the lowest antiradical activity towards pyrazine cation radicals among all investigated polyphenols, but was still active (Figure 2d ). As this compound represents the major phenolic acid in many cereal products (LiyanaPathirana and Shahidi, 2007), its activity is very important, especially in bakery products.
Tannic acid was identified as the most potent inhibitor in formation of pyrazine cation radicals (Figure 2e ). The ability of tannic acid to act as a potent suppressor was supported by the stability of tannic acid radicals which were detected by ESR (Fujita et al., 1988) .
The involvement of polyphenols in the inhibition of formation of pyrazine cation radicals in the initial stage of Maillard reaction leads to the dilemma about contribution of Maillard reaction products in overall antioxidant capacity of thermally treated bakery products. Nevertheless, it is doubtless that polyphenols could scavenge pyrazine cation radicals and inhibit the formation of imidazoquinoxaline-type mutagens in heated foods.
CONCLUSIONS
It was found that polyphenols inhibit the formation of pyrazine cation radicals that were formed in the initial stage of Maillard reaction in heated alkaline reaction mixtures of model systems consisted of D-(+)-glucose and structural isomers of aminobutanoic acid. The effectiveness of investigated polyphenols to suppress the formation of pyrazine cation radicals was in the following order: tannic >> gallic > caffeic ≥ chlorogenic > ferulic acid. 
АCKNOWLEDGEMENTS
